Aims: Social isolation increases the onset of Alzheimer's disease (AD). Environmental enrichment, a complicated social and physical construct, plays beneficial effects on brain plasticity and function. This study was designed to determine whether physical enrichment can reduce the deleterious consequences of social isolation on the onset of AD.
| INTRODUCTION
Alzheimer's disease (AD) is the most common form of dementia. 1 Despite extensive investigation into potential therapies for AD, no effective pharmacological treatment is currently available.
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Nonpharmacological intervention strategy may be a pragmatic approach to the treatment of dementia. 3, 4 To achieve this, one needs to identify factors that aggravate or mitigate the onset of AD.
Social isolation (SI) is defined as a state lacking communication
with family, acquaintances or friends, and/or willfully avoiding any contact with others. 5 SI is a known risk factor of AD that exacerbates cognitive impairments. [6] [7] [8] [9] Avoiding SI by participating various social tasks might be therapeutic that activate the brain and slow the progress of dementia. [10] [11] [12] Enriched environment (EE) has been proved consistently that reduce memory decline in aged animals via improving hippocampal plasticity and neurogenesis. [13] [14] [15] Despite variable outcomes of amyloid β (Aβ) plaque deposition, EE has been shown to mitigate hippocampaldependent spatial memory impairment in AD mouse models. [16] [17] [18] [19] [20] [21] The experimental paradigm of EE includes housing more animals in a large cage to increase their social interactions and providing physical conditions to facilitate sensory, cognitive, and motor activities. 22 In this designed study, we aimed to distinguish the beneficial effects on AD mice whether from physical or social aspect of EE. We also determined whether the enriched physical environment along is sufficient to slow the AD progression under SI condition. To address these issues, one-month-old APPswe/PS1dE9 transgenic (APP/ PS1) mice, the most extensively used AD model, 23 were used in this study. APP/PS1 mice were housed in designed environments for 8 weeks and then compared with the behavioral outcomes, neuropathology, and molecular changes in the hippocampus that affected by the conditions.
| MATERIALS AND METHODS

| Animal groups
On postnatal day 28, weaned, male APP/PS1 mice from each litter were randomly assigned to four groups: group housing in a standard environment (GR+SE), socially isolated housing in a standard environment (SI+SE), group housing in an enriched environment (GR+EE), and socially isolated housing in an enriched environment (SI+EE). Mice in GR+EE and SI+EE groups were raised in large plastic cages (length: 47 cm; width: 30 cm; height: 23 cm), with a variety of contents, such as toys, wooden houses, tunnels, ladders, running wheels, nesting materials. 15 The items were renewed and rearranged per 3-4 days for ensuring the novelty and spatial variability. Animals in the GR+SE and SI+SE groups were reared in standard plastic cages (length: 31 cm; width: 22 cm; height: 15 cm) without any exposure to stimulation.
Four mice in each cage in GR+SE or GR+SE group, while only one mouse per cage was housed in SI+SE or SI+EE group. Mice in each group were maintained in their respective experimental conditions until behavioral experiments were performed 8 weeks later.
Mice were maintained at a constant room temperature (18-22°C), with a controlled illumination (12:12-h light/dark cycle), relative humidity of 30%-50%, and food and water were available ad libitum. All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Nanjing Medical University.
| Y-maze test
The Y-maze test contains two 5-min stages, training stage and testing stage, with an interval of 2 hours. 24 During the first stage, one arm named as the novel arm was blocked by a black baffle, and mouse moved only in the other two arms for 5 minutes. During the second stage, the novel arm was opened, and the mouse could freely move throughout all 3 arms for 5 minutes. The percentage of time spent in the novel arm and the numbers of entries were calculated.
| Morris water maze (MWM)
As previously described, 25 the MWM training was conducted over 5 consecutive days, with 4 trials per day. The escape latency and swimming speed were analyzed. On the 6th day, the hidden platform was removed, allowing mice to swim in the pool for 60 s. The percentage of total time spent in the target quadrant and the platform crossing times were counted.
The above activities of mice were captured by a digital video camera connected to a computer-controlled system (Beijing Sunny Instruments Co. Ltd, Beijing, China). All tests were performed by two independent experimenters who were each blinded to the experimental schedule.
| Section preparation
Following deep anesthesia, mice were transcardially perfused with 0.9% saline by perfusion pump for 5 minutes, followed by 4% paraformaldehyde for 15 minutes. Brains were removed, postfixed overnight at 4°C, and embedded in paraffin following standard procedures.
Coronal brain sections containing the hippocampus were serially cut at 5 μm, using a paraffin slicing machine, for immunohistochemistry, Thioflavin-S staining or Congo red staining.
| Immunohistochemistry
Immunohistochemical staining was performed as previously described. 25 Brain sections were incubated with one of the following 
| Image analysis and cell counting
The images of the hippocampus were captured at × 100 magnification and analyzed using NIH ImageJ software (NIH Image, Bethesda, MD, USA). The area of positive signal for GFAP or Iba-1 was quantified by the interest grayscale threshold analysis. 25 The percentage area of positive V, and t are the cell density, volume of the structure, and thickness of the section, respectively. 26 Five sections per mouse, and four mice per group, were averaged to provide a mean value for each group.
| Western blotting
The homogenized protein samples of hippocampus were loaded into 10%-16% Tris/tricine SDS gels and transferred to PVDF membranes using a Bio-Rad miniprotein-III wet transfer unit.
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After blocking for 1 hour in 5% nonfat milk/TBST, the membranes were incubated at 4°C overnight with one of the primary antibodies listed in Table 1 . Horseradish peroxidase-conjugated secondary antibodies (Vector Laboratories) were used, and bands were visualized using ECL plus detection system. GAPDH was used as an internal control for protein loading and transfer efficiency.
| Statistical analysis
Data were expressed as mean ± SEM. Statistical analyses were conducted using SPSS software, version 19.0 (SPSS Inc., Chicago, IL, USA). The MWM platform training data were analyzed by repeatedmeasures ANOVA with day of training as the within-subject variable, and housing (group housing vs isolated housing) and environment (standard environment vs enriched environment) as the betweensubject factors. The other data were analyzed by two-way ANOVA with housing and environment as factors, followed by NewmanKeuls post hoc multiple comparison test. A value of P < 0.05 was considered statistically significant.
| RESULTS
| Physical EE rescued spatial cognitive deficits of socially isolated APP/PS1 mice
The hippocampus-dependent spatial learning and memory ability were On the 6th day, a probe trial was performed to assess the spatial memory ability. Two-way ANOVA revealed that the percentage of time spent and numbers of platform area crossings in the target quadrant were significantly decreased by SI (F 
| Physical EE rescued cellular apoptosis and synaptic loss in the hippocampus of socially isolated APP/PS1 mice
We determined whether EE and/or SI affected the number of hippocampal neurons of APPswe/PS1dE9 transgenic mice. There were no differences in NeuN-positive neurons in the CA1-3 pyramidal layer This result is consistent with the previous studies that apparent neuronal death occurs in the aged but not adult APP/PS1 mice.
24,27
Isolation stress exposure has been shown to cause cellular apoptosis in the hippocampus. We also examined the protein expression levels of cleaved caspase-3, a key activator of downstream apoptotic signal transduction pathways, in the hippocampus. 29 As expected, cleaved caspase-3 levels were increased by SI ( . SI+SE mice showed low levels of Bax and high levels of Bcl-2 when compared to SI+EE mice (P = 0.0192; P = 0.0137, respectively; Figure 2D ,E).
Our previous study showed that SI exacerbates loss of synapse in the hippocampus, contributing to the severe cognitive declines of isolated aged APP/PS1 mice. 
| Neither physical EE nor SI affected APP processing in the hippocampus of APP/PS1 mice
APP/PS1 mouse model begins to Aβ plaque deposition by 5-6 months of age. 30 In agreement with this, neither Congo red-positive plaques nor Thioflavin-S-positive dense core plaques were observed in the hippocampus of 3-month-old APP/PS1 mice in each group ( Figure 3A) . Figure 3C,E) . Taken together, these results suggest that neither enriched physical environment nor isolated housing affects APP production and processing before the onset of Aβ plaque load in the hippocampus of APP/PS1 mice.
| Physical EE rescued neuroinflammation, NLRP3
inflammasome signaling pathways and glial activation in the hippocampus of socially isolated APP/PS1 mice.
It has been shown that stress through its interaction with the immune system increases the levels of proinflammatory cytokines and neuroinflammation, contributing to neurodegeneration in AD. 31 To further address whether the enriched physical environment restores neuroinflammation caused by SI, expression levels of pro-interleukin-1β
(pro-IL-1β), IL-1β, IL-6 and tumor necrosis factor alpha (TNF-α) in the hippocampus of APP/PS1 mice were determined by Western blotting. . SI+SE mice showed higher levels of the above parameters than GR+SE mice (P = 0.007; P = 0.009; P = 0.0048; P = 0.0043, respectively). However, they were greatly attenuated by the enriched physical environment (P = 0.0014; P = 0.0037; P = 0.0025; P = 0.0024, respectively, SI+EE mice vs SI+SE mice) ( Figure 4A ,B).
Inflammasomes are multiprotein complexes that induce inflammation in response to cellular infection or stress. 
| DISCUSSION
Due to the continuing depth of global population aging, the incidence of AD is reaching epidemic levels with tremendous social and financial burdens. Most AD cases are sporadic, and their occurrences are influenced by both genetic and environmental factors. Apart from different genetic animal models of AD utilized, 15 these discrepancies may be due to the different time points at which enrichment is initiated. For example, Verret et al 39 reported that EE training before the onset of Aβ-deposition does not affect Aβ expression, but attenuates Aβ-deposition in the aged APP23 transgenic mice.
Consistently, in the present study, we demonstrated that exposure to Indeed, levels of inflammatory mediators, such as C-reactive protein, complement factors, chemokines, and inflammatory cytokines, are elevated long before the clinical symptoms of AD. 50, 51 Statin use can significantly reduce the incidence of AD, which is mainly associated with its anti-inflammatory effects. 52 Simvastatin improves cognitive impairment and attenuates synaptic loss in AD mouse models, and these beneficial effects are related to its anti-inflammation and independent of Aβ load. 53 In addition, accumulative evidence suggests that inflammatory response caused by social stress is the principal mechanism of secondary pathological changes, such as neuronal apoptosis and synaptic loss. [54] [55] [56] Together, the present study provided new evidence for SI as a deteriorative factor in the onset of AD.
As mentioned above, the current literature mainly focuses on effects of single EE or SI during AD progression. 57 In the present study, we organically combine these two factors together and determine 
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